Secondary constituents were identified by X-ray diffraction a3ld the morphology of the phases present in aged samples were examined by microscopy.
In addition to this unique combination of properties, the alloy has high postaging ductility after being exposed in the intermediate temperature range of 1300 through 1800°F for prolonged periods of time.
The composition of the alloy is shown in Table I .
At first inspection, the alloy's composition appears quite similar to that of HAYNES alloy
No. 25 (~-605); however, there are several distinct differences. The alloy has a higher chromium content, a lower tungsten content and more than double the amount of nickel than HAYNES alloy No. 25 has. Further, the alloy contains a nominal 0.08 weight percent lanthanum which significantly enhanoes the oxidation resistance of the alloy. One of the sheet samples had thermocouples spot welded to it as shown in Figure 2 so that a relatively close monitoring of temperature could be maintained throughout the aging period over the entire length of the temperature gradient. Samples of the various heats were then stacked as shown in Figure 3 with spacers between each sheet to allow circulation of air and to avoid possible adhesion between the samples during the aging period.
Some variation
in temperature occurred, especially during the longer expormre times of 3,000 and 6,000 hours duration.
These variations have been plotted and are shown lin Figure 4 . The greatest deviation from the specified temperature that will be mentioned was approximately +25 degrees.
The results obtained give a good indication of the aging behavior of HAYNES alloy No. 188 for prolonged times.
After aging, the sheet samples were sectioned at 100°F increments.
Part of the sheet sample was used for bend tests, part for metallographic examination, and part for extraction of microconstituents.
The samples were bent about a 2t radius on the rig shown in Figure 5 .
A typical specimen is shown in Figure 6 and would be approximately l/4 inch wide, 1 inch long and about 0.063 inch thick.
A calculated relationsh?p between the measured bend angle and tensile elongation is shown in Figure 7 . Figure 8 is attributed to the precipitation of secondary M6C and M23C6. Microprobe traces on the samples have shown that there is a lanthanum rich compound which is labeled in this table as LaxBy phase; however, it has not been identified crystallographically by X-ray diffraction.
The M6C precipitates as low as 1600'F. Figure 9 represents the annealed structure of alloy No. 188. The matrix is face-centered cubic and it has a random distribution of M6C present.
The lanthanum rich phase etches rather dark and is associated with some of the M6C. The structure of the sample aged 200 hours at 1800°F is shown in Figure 10 . There is the random distribution of both the primary and secondary M6C and the M6C precipitation along the grain boundaries, Randomly scattered in isolated areas are acicular particles which may be small particles of a Laves A2B type phase; however, again this phase was not detected by X-ray diffraction.
The structure of the alloy after 500 hours at 1800°F is shown in Figure  11 and is quite similar to the alloy after 200 hours exposure.
After exposure for 200 hours at 1600°F the structure, Figure 12 , of the alloy differs somewhat from the 1800°F structure, the matrix precipitation is much finer as is the precipitation along the grain boundaries. There seems to be preferential precipitation of the M6C and M23c6 on the twin planes and grain boundaries as would be expected. The size of these particles of precipitate are much smaller than that experienced at higher temperatures as would be expected. One could also note in Figure 16 that the primary M6C scattered throughout the matrix seemed to have a halo of secondary precipitation around them, suggesting that the M6C carbide decomposes as discussed earlier.
The increase in the amount of M at 1400°F is negligible and it 1s
C during the period from 200-500 hours 23 difficult to distingu' lsh between the structure of the sample aged 200 hours and that of the structure aged 500 hours ( Figure 17 ).
A.&W. 2.884-6.244 Hours
Microconstituents. However, after 6,244
The same type of behavior was noted for Heats No. 121 and 122 although the phenomena occurred at a higher temperature; namely, the M6C was absent at 1700'F after 3,360 hours but reappeared at 1700°F after 6,244 hours.
This seems to violate the thermodynamic laws which indicate a system will seek the lowest energy state.
If M6C dissolves at 1600°F in 3,360 hours because the system seeks a low energy level, then there would seem to be no reason for M6C to reprecipitate during the next 3,000 hours of exposure time, unless it would be the location of the particles, i.e., matrix location versus grain boundaries.
The M6C noted for temperatures 1700 through 2000°F comprised both .primary M@ and M@ which precipitates during the aging time, as will be seen in subsequent photomicrographs of these pieces. This seems to correlate well with the fact that after longer exposure times, the M6C is dissolved at a lower temperature (1300°F). Thus, the M& particles are dissolved or are changed in stitu to M23C6.
Unfortunately, with the disappearance of the M&, the Laves phase A2B appears --first at the higher temperatures of 1800°F through 1400°F
for the shorter period time of 3,360 hours, and then at lower temperatures for the longer exposure of more than 6,000 hours.
This is reasonable when one considers that the metal to carbon ratio of MgC is 6 whereas the metal to carbon ratio in ?'$3c6 is approximately 4. Thus, in &ny given system, as more of the M&! dissolves and the carbon is combined as M23c6 more of the elements of the VI B group are available to form the undesirable A2B phase.
Again, the unexpected occurred when a phase (A2B) formed at a given temperature, in this case 1800°F at an intermediate time, dissolved again and disappeared after prolonged -periods of time.
One should note that the Laves phase is found in alloy 188 in a relatively narrow temperature range and in some instances only very limited amounts of the phase are found.
This correlates well with bend angle measurements and photomicrographs that we have of these samples.
In some of the samples exposed at the higher temperatures, Cr203 resulting from internal oxidation was extracted.
Also at the higher temperatures in some of the heats, an A2B type phase was found which was different from the A2B Laves phase discussed previously.
Jenkins, in his work showed that the major interplannar d value distinguishing the Laves phase trC~2W1' from the M2 Cg was 2.01. The X-ray diffraction pattern for the A2B type noted 2 ere has the line at 2.01, but it does not have a diffraction line at 1.97. In the temperature range of :L2OO-l7OO"E for 3,360 hours, alloy No. 25 had a bend angle of tipproximately 10 degrees which converts to a calculated tensile ductility of (about 1 to 2 percent (see Figure 7) Figure 20A ), appreciable secondary precipitation of M6C happened.
This occurred randomly throughout the matrix and to some extent preferentially along the grain boundaries. This structure is quite similar to that of the alloy for shorter exposures and time. Figure 2OB , after 6,244 hours at lpOO"F, the M6C coalesced appreciably accompanied by significant grain-growth. There is some evidence of Cr 0 resulting from internal oxidation.
Note in

23
At 1800°F, Figure 2lA , there again was secondary precipitation of M6C and the first evidence of the acieular phase normally associated with the A2B Laves compound is seen. twin boundaries.
This Laves phase tends to appear along After a longer period of time at 1800°F, Figure 2lB , the M6C distribution is approximately the same and the evidence of the presence of the A2B phase is somewhat less. This substantiates and correlates well with the bend data that we have for the alloy.
The structure in Figure 23 shows a random distribution of both M6C and M23C6 type carbides and also an increased amount of the acicular phase of the A2B type.
Quite probably, the majority of the carbides are M C6 with only small amounts of the primary M6C remaining and very 11 tie 9 secondary M C having been formed. Figure 23B, Figure 25A and B represent the structure of the alloy after 3,360 hours and 6,244 hours at 1600°F respectively.
There is very little M6C represented in Figure 25A , and the precipitates, in general, are fine and uniformly distributed throughout the structure.
There is a sizable quantity of the acieular A2B present. By contrast, the structure after the longer period of time, Figure 25B , shows that the acicular phase indeed overaged as indicated by the coalescence and growth of the particles.
It is thought that the very fine precipitate along the grain boundaries is principally the M23c6* To further illustrate the difference in the ductility behavior between the two heats being discussed, Figure 26~ and B are shown for comparison with Figure 25A and B. For the shorter period of time, the Laves A2B phase appears in long acicular particles oriented along the various crystallographic planes, The particles seem to be much coarser than those in the structure of Figure 25A . Figure 26B again indicates the tendency towards overaging and coalescent of theparticles, but not to the extent for that of the Laves phase exhibited in Figure 25B .
A possible explanation of this variation in aging behavior could be a difference in thermal mechanical history. The annealed sample of Heat No. -121 had grossly larger grains and significantly fewer primary M6C present than did the annealed structure of Heat No. -106. This suggests that, while the concentration of electron vacancies in the alloy determines the microconstituents which will form in the alloy at equilibrium, the thermo-mechanical history of the alloy will also be influential in determining the kinetics of the precipitation reaction and the morphology of the precipitating phases. Figures 27A and B represent the structures of the alloy after aging at 1500°F.
There was no M6C-found in the extractions for this structure indicating that the rounded particles shown have completely decomposed into some other phase quite probably M23c6 and/or the A2B phase.
At 1400"F, the precipitation of the M23C6 along the grain boundaries is quite evident, Figure 28A . Little of the Laves phase is visible; however, a fine precipitate is evident along the twins and crystallographic planes of the alloy which could very well be the A2B phase. Evidence to substantiate this is seen in Figure 2%B , the structure of the alloy after 6,244 hours at 1400°F. The phase barely visible initially grew in size and became more. evident. This also correlates well with the X-ray diffraction data which shows the tendency of the Laves phase to form at longer times at lower temperature.
Precipitation
appears at 1200°F and at 1100'F with minor variations. The structure after 6,244 hours at 1100°F is shown in Figure 30A . For the four heats examined, the annealed hardness ranged from approximately Rockweli A 57 through Rockwell A 62 which would correspond to about Rockwell B 93 through Rockwell C 23.
It was found that the lower hardness range was represented by Heat -121 and that the higher range of the hardness was represented by Heat-106 which further indicates that the starting materials have somewhat different thermo-mechanical histories even though this was not intended. Maximum hardness for the 3j360 hours was achieved by aging in the 1400 to 1500°F range as was the maximum hardness for the longer aging period of 6,244 hours.
Above 1700°F, hardness of the aged samples at both aging times fell essentially in the same scatter band indicating that the materials were rapidly approaching equilibrium conditions. The final hardness of the material after prolonged aging at 1900 and 2000°F was always lower than the initial hardness. This would be expected from evidence of increased grain size and coalescence of the M6C particles throughout the matrix.
What can be done to restore the ductility of alloy No. 188 after prolonged periods of aging and after such ductility is restored how long will the ductility persist when the samples are reaged? Figure 33 represents the bend ductility of Heat No. 8188-7-0124 after being aged 2,884 hours across temperature range of 800 through 2000'F. The bend ductility behavior of this alloy is quite similar to that of Heat -106 discussed throughout this paper. Samples of this aged material were reannealed 15 minutes at 2150°F and then a portion of it bend tested.
Note, all of the specimens bent 180,degrees without fracture.
Other samples that had been annealed after aging 2,884 hours were reaged an additional 100 hours at the temperatures indicated. These temperatures correspond to the temperatures at which the material had been aged previously.
Again, after 100 hours at temperature, the samples all bent 180 degrees without fracture.
After aging 500 hours at the indicated temperatures, all samples from 1100 through 1500°F passed the bend test; however, samples aged at 1600 and 1700°F did fracture.
Thus, it is shown that significant ductility can be restored to alloy No. 18% after prolonged aging by reannealing at 2150°F and that this restored ductility persists for extended periods of time.
Summary
The investigation has shown that a definite correlation exists between electron vacancy concentrations and the formation of de-trimental Laves phase of the A2B type.
An improved alloy was designed using these criteria and it has been shown that the resulting alloy does have significantly better postaging ductility, both from the standpoint of degree of embrittlement and also from the standpoint of the temperature range in which the loss of ductility occurred, than does its predecessor HAYNES alloy No. 25. Further, it has been suggested that the kinetics of the precipitation reaction in the alloy can be associated to some extent with prior thermo-mechanical history.
The ductility of the alloy can be restored after prolonged aging by a short annealing or softening treatment at 2150°F and that this restored ductility will remain for extended periods of time when the material is re-exposed in the temperature range of 1100 through 1700°F. 
